Background. An active device that downregulates abdominal vagal signalling has resulted in significant weight loss in feasibility studies. Objective. To prospectively evaluate the effect of intermittent vagal blocking (VBLOC) on weight loss, glycemic control, and blood pressure (BP) in obese subjects with DM2. Methods. Twenty-eight subjects were implanted with a VBLOC device (Maestro Rechargeable System) at 5 centers in an open-label study. Effects on weight loss, HbA 1c , fasting blood glucose, and BP were evaluated at 1 week to 12 months. Results. 26 subjects (17 females/9 males, 51 ± 2 years, BMI 37 ± 1 kg/m 2 , mean ± SEM) completed 12 months followup. One serious adverse event (pain at implant site) was easily resolved. At 1 week and 12 months, mean excess weight loss percentages (% EWL) were 9 ± 1% and 25 ± 4% ( < 0.0001), and HbA 1c declined by 0.3 ± 0.1% and 1.0 ± 0.2% ( = 0.02, baseline 7.8 ± 0.2%). In DM2 subjects with elevated BP ( = 15), mean arterial pressure reduced by 7 ± 3 mmHg and 8 ± 3 mmHg ( = 0.04, baseline 100 ± 2 mmHg) at 1 week and 12 months. All subjects MAP decreased by 3 ± 2 mmHg (baseline 95 ± 2 mmHg) at 12 months. Conclusions. VBLOC was safe in obese DM2 subjects and associated with meaningful weight loss, early and sustained improvements in HbA 1c , and reductions in BP in hypertensive DM2 subjects. This trial is registered with ClinicalTrials.gov NCT00555958.
Introduction
It has been estimated that approximately 20 million adults in the USA have type 2 diabetes mellitus [1] . Worldwide, the incidence of type 2 diabetes mellitus is now thought to be over 347 million [2] . In the USA alone, it is estimated that it will cost 147 billion dollars to take care of diabetes and its complications [1] . The majority of these individuals are obese. Obesity and type 2 diabetes mellitus (DM2) are closely linked [3] -as body mass index (BMI) increases, there is a weightdependent increased risk of developing type 2 diabetes [4] .
Body weight reduction of just 5% can improve glycemic control in obese type 2 diabetics [5] . Current medical treatments are limited by many factors including subject's compliance and high costs as well as by the inexorable progression of the disease and its complications. Current bariatric surgical procedures such as gastric bypass, biliopancreatic diversion or sleeve gastrectomy have demonstrated a significant beneficial impact on the glucose control even before significant weight loss occurs [6, 7] . However these procedures are invasive with the potential for serious complications and considerable professional and patient aversion. Given 2 Journal of Obesity the severity of the problem, there is a societal need for a less invasive, effective treatment.
It has been known for a century that the vagus nerve has multiple physiologic functions related to food intake, energy metabolism, and glycemic control [8, 9] . In addition, researchers such as Kral et al. [10] have demonstrated that interrupting or cutting the vagus nerve (vagotomy) can result in meaningful weight loss, satiety, and satiation. Vagotomy is irreversible and can require a secondary gastric outlet procedure in cases of significant gastric retention postvagotomy. In addition, theoretically speaking, permanence may result in compensatory mechanisms that may blunt physiological responses. Therefore, a lower risk, intermittent, and reversible vagal blocking that allows for nerve function recovery would be an attractive alternative. An electrical and reversible vagal blocking device has recently been developed and evaluated (VBLOC Therapy) [11, 12] . This technology was designed to intermittently interrupt neural traffic in the intra-abdominal vagal trunks and has been shown to decrease gastric contractions and pancreatic exocrine secretion in the animal model [13] .
Retrospective assessment of prior clinical experience with intermittent blocking of the intra-abdominal vagal trunks (VBLOC) in a small number of subjects with DM2 showed improvement in glycemic control in conjunction with weight loss [14] . Significant improvement in blood pressure in subjects with elevated baseline blood pressure has also been reported with VBLOC [15] . These improvements in glycemic control and blood pressure were observed within weeks following initiation of VBLOC therapy and were sustained during the 6-month followup period.
The aim of this study was to prospectively assess the effect of VBLOC in an open-label, multicenter clinical trial of obese type 2 diabetics. The primary efficacy objectives were improvements in (a) body weight, (b) fasting plasma glucose and HbA 1c , (c) systolic and diastolic blood pressure, and (d) mean arterial pressure after 12 months of VBLOC Therapy.
Materials and Methods

Study Design.
This study was a prospective, open-label, and multi-center study to evaluate the safety and efficacy of high frequency electrical algorithms applied to the intraabdominal vagal trunks in facilitating weight loss and improving glycemic control and blood pressure in type 2 diabetics. Outcomes were compared with subjects' preimplant baseline measurements.
This study was conducted at Instituto Nacional de la Nutricion (INNSZ), Mexico City, Mexico; Trondheim University Hospital, Trondheim, Norway; University Hospital, Basel, Switzerland; Flinders Medical Centre, Adelaide, Australia; and Institute of Weight Control, Sydney, Australia.
Study Subjects.
Device safety and efficacy were assessed during a 12-month study in obese female and male subjects (BMI 30-40 kg/m 2 inclusive, age 25-60 years inclusive) with type 2 diabetes. Written informed consent was provided from all subjects. The study was approved by local medical ethics committees. General inclusion criteria included prior failure of durable response to medical weight management that involved diet, behavioral modification, and/or pharmacotherapy. Fertile women required contraception and proof of nonpregnancy within 14 days of implant. Relevant exclusion criteria included type 1 diabetes mellitus, smoking cessation within 6 months, weight loss drug therapy within the last 3 months, significant weight loss in the last 12 months (>10% body weight loss), hiatal hernia, the presence of an implanted electrical medical device, or major abdominal surgery, excluding cholecystectomy and hysterectomy. Inclusion criteria for Type 2 diabetes included ≤12-years duration of diabetes, baseline HbA 1c levels ≥7% to ≤10%, and absence of significant type 2 diabetes complications, such as nephropathy, retinopathy, neuropathy, or coronary artery disease. Diabetes-related exclusion criteria included insulin dependence and use of GLP-1 receptor agonists. Short-term insulin use was allowed during the perioperative period if needed.
Study Device and Implantation
Method. Subjects received a fully implantable Maestro Rechargeable System consisting of two leads, placed laparoscopically. One lead was placed on the anterior trunk and one on the posterior intraabdominal vagal trunk. These leads were connected to a subcutaneously implanted, rechargeable neuroregulator as previously described [11, 12] . A mobile charger was used for approximately 30 minutes daily to recharge the subcutaneous battery.
Experimental Therapy and Follow-Up Studies.
Systems were activated approximately two weeks after implantation. Biphasic pulses at a frequency of 5000 Hz and amplitude from 3 to 8 mA (mode = 6) were applied to block vagal neural impulses [11, 12, 16] with a duty cycle of 5 minutes blocked then 5 minutes unblocked for up to 15 hours daily. The objective was for patients to receive a minimum of 12 hours to a maximum of 15 hours therapy daily depending on patient's response to therapy and daily lifestyle. The patient's therapy delivery algorithm was programmed using a customdesigned software program by the follow-up team. The goal was for the current amplitude to be set at 6 mA nominally and to deliver this amplitude for approximately 14 hours per day on average over the first year.
All subjects received 17 individual weight management counseling sessions during which basic weight loss and physical activity information was delivered. The initial session was 45 minutes, sessions 2-4 were 30 minutes, and the remaining sessions were 15 minutes long. Only standard weight management materials were used. No support groups, behavioral therapists, or exercise specialists were employed in this trial. General information regarding weight loss, calorie goals, healthy eating strategies, exercise strategies, and record keeping was discussed.
Weight was measured at baseline, weekly through 4 weeks, biweekly to 12 weeks, and monthly to 12 months. HbA 1c and fasting plasma glucose (FPG) were measured (ICON Laboratories, Farmingdale, NY, USA) at baseline, 1, 4, and 12 weeks and 6 and 12 months. Blood pressure was measured in triplicate (as described by Pickering et al., 2005) [17] , with subjects seated, at 5-minute intervals between measurements using a properly sized cuff (i.e., standard adult size (16 × 30 cm) for arm circumference of 27 to 34 cm or large adult size (16 × 36 cm) for 35 to 44 cm arm circumference) at baseline, 1, 4, and 12 weeks and 6 and 12 months. Hypertension was defined as systolic blood pressures ≥130 mmHg and/or diastolic blood pressures ≥80 mmHg according to the JNC-7 criteria for type 2 diabetics [18] . Waist circumference was measured at the iliac crest (NHANES III Protocol).
Adverse event (AE) inquiries were completed at each visit. Clinical laboratory assessments and 12-lead electrocardiograms (Mayo Medical Laboratories, Rochester, MN, and Quintiles Limited, Berkshire, England) were completed at baseline, implant, device initiation, 4 and 12 weeks, and 6 and 12 months. Medication changes and dose adjustments were recorded at each visit. Neither the surgeon nor the allied health professional from the clinic was involved in any treatment decisions to reduce or cease any medication.
Calculation of Percent EWL.
Ideal body weight was determined [19] by measuring each subject's height and calculating the body weight at BMI of 25.0 for that subject (i.e., ideal body weight (kg) = 25 × height (m)
2 ). Next, excess body weight in kg (total body weight at baseline − ideal body weight) was determined, and percent EWL was calculated (weight loss/excess body weight × 100).
Statistical Analysis.
Baseline characteristics, and demographics were summarized using descriptive statistics. Mean values with standard errors of the mean (SEM) summarized continuous variables while frequency distributions were summarized as categorical (including binary) variables.
Mean excess weight loss (EWL %) and changes in HbA 1c , FPG, and blood pressure (mean arterial pressure, systolic blood pressure, and diastolic blood pressure) at 1, 4, and 12 weeks, and 6 and 12 months were assessed using twosided, one sample -tests. Changes in waist circumference at 12 weeks and 12 months were assessed using a two-sided, one sample -test. The rate of occurrence of AEs was analyzed.
Additional Statistical Modeling of Glycemic Control
Parameters. To determine if there was a relationship between the reduction observed in FPG or HbA 1c at 12 months compared to baseline values, linear regression techniques were employed. The general linear model (PROC GLM in SAS) was used to analyze change in glucose from baseline to 12 months after implantation for FPG and HbA 1c separately. The following three models were run using change in either parameter from baseline to 12 months as the response variable. The significance level for interaction was 0.1 (twosided). The significance level for both baseline FPG or HbA 1c and % EWL at 12 months was 0.05 (two-sided). The three models included the following Model (1): baseline FPG or HbA 1c and % EWL at 12 months were used as independent variables; the interaction between baseline FPG or HbA 1c and % EWL at 12 months was also included in the model to determine whether the relationship between change in FPG or HbA 1c and baseline glucose is dependent on % EWL at 12 months. If interaction was not significant, it was excluded from the model. Model (2): baseline FPG or HbA 1c and % EWL at 12 months were used as independent variables (no interaction term was included). Model (3): only % EWL at 12 months was used as an independent variable. Models 2 and 3 were used to determine whether % EWL alone could explain reduction in FPG and HbA 1c from baseline to 12 months after implantation. The R-squared values for models 2 and 3 were compared to determine if the FPG or HbA 1c reduction observed at 12 months was primarily due to weight loss or if the FPG or HbA 1c level at baseline is also an important factor (i.e., do subjects with higher baseline FPG or HbA 1c have a greater change in FPG or HbA 1c at 12 months?).
Results
Participants and Demographics.
A total of 28 subjects were enrolled (17 females and 11 males; mean age 51 ± 2 years; mean BMI 37 ± 1 kg/m 2 ). Twenty-six subjects completed 12 months of followup, whose demographics were 17 males and 9 females, mean age of 51 ± 2 years, and BMI of 37 ± 1 kg/m 2 . Two of the subjects did not attend the 12-month visit but did not drop out of the study which is currently ongoing. All subjects continue to be followedup to assess safety and efficacy.
3.2. Safety. All procedures were completed laparoscopically, there were no surgical complications, and all patients were discharged either on the same day or on the following day as consistent with normal hospital policy. There were no deaths or operative complications. In addition there were no unanticipated adverse device effects. One serious adverse event (SAE) occurred in this trial. The SAE was neuroregulator site pain as a result of its placement directly on the ribcage, above the costal margin, proximally midaxillary line. The discomfort was eliminated by moving the neuroregulator inferior to the costal margin on the upper left abdominal wall.
Weight Loss.
Percent EWL at various time periods following device activation is shown in Table 1 . Mean % EWL at 12 months was 25+4% ( < 0.0001). Average hours of therapy delivery per day over the 12 months were 14 ± 0.1 hours with 6 ± 0.1 mA average current amplitude demonstrating that all subjects received similar algorithms. BMI reduction at 12 months was 3.0 ± 0.4 kg/m 2 . Weight loss at 12 months was 8.4 ± 1.4 kg ( < 0.0001).
Changes in Glycemic
Control. HbA 1c was reduced at all time periods from a baseline of 7.8 ± 0.2% (mean ± SEM, Table 1 ). Mean % HbA 1c reduction at 12 months was 1.0 ± 0.2% ( = 0.02, Table 1 ). FPG was also reduced at all time periods from a baseline of 151±7 mg/dL (Table 1) . Mean FPG reduction at 12 months was 28 ± 8 mg/dL ( = 0.02, Table 1 ). At baseline, of the 26 subjects with a 12 month visit, seventeen subjects took one diabetes medication, 8 subjects took two or more diabetes medications, and one took none. By the 12-month visit, three subjects discontinued their diabetes medication, and six subjects decreased the dose of medications while thirteen subjects had no change. Four subjects increased diabetes medications.
Change in Blood
Pressure. Statistically significant reductions in SBP, DBP, and MAP from baseline were observed at many time points after implantation in all subjects (Table 1) . SBP fell to 121 mmHg by 1 week after activation with a further reduction that was sustained throughout the 12-month period. Likewise, DBP fell below 80 mmHg by 1 week which was sustained over the entire evaluation period. Finally, MAP fell to 91 mmHg by 1 week after activation and the reduction was sustained. Elevated blood pressure (SBP ≥ 130 and/or DBP > 80 mmHg) was documented in 15 of the obese diabetic subjects. A significantly reduced mean arterial blood pressure (MAP) in subjects with elevated systolic and/or diastolic blood pressure to nonhypertensive levels from a baseline of 100 ± 2 mmHg was observed at all time points ( = 0.04, Table 1 ). Significant reductions were also observed in subjects with elevated SBP at one time point (Table 1 ) from a baseline of 140 ± 4 mmHg ( = 0.03). However, at all time points the mean SBP was reduced to below 130 mmHg. Finally, significant reductions were observed in subjects with elevated DBP at all time points from a baseline of 88 ± 2 mmHg ( = 0.009, Table 1 ).
Statistical Modeling of Glycemic Control Parameters.
Linear regression results indicated that FPG (mg/dL) reductions (Figure 1(a) ) and HbA 1c reductions (Figure 1(b) ) were positively associated with baseline preoperative levels ( < 0.0001).
Model 1 showed that the positive relationship between reduction in FPG at 12 months and its baseline value was not dependent on % EWL achieved (interaction = 0.18). Model 1 also showed that the positive relationship between reduction in HbA 1c at 12 months and its baseline value was not dependent on % EWL achieved (interaction = 0.34).
Model 2 showed that overall improvements of FPG could not be explained by % EWL alone. R-squared values for the models with % EWL only were 0.4. When baseline values for FPG were added to the models with % EWL values, the Rsquared increased to 0.8 indicating that both baseline values of FPG and % EWL were needed to explain the reduction in this parameter. An additive effect of weight loss and VBLOC Therapy on reduction in FPG was observed.
In a similar manner, Model 3 showed that overall improvements of HbA 1c could not be explained by % EWL alone. R-squared for the models with % EWL only were 0.5. When baseline values for HbA 1c were added to the model with % EWL, the R-squared increased to 0.85 indicating that both baseline values of HbA 1c and % EWL were needed to explain the reduction in this parameter. An additive effect of weight loss and VBLOC Therapy on reduction in HbA 1c was observed.
Additional Findings of Clinical Interest.
Waist circumference decreased by 8±1 cm, 9±2 cm, and 11±2 cm at 12 weeks and 6 and 12 months, respectively ( < 0.001, baseline = 120 ± 2 cm, = 23).
Discussion
This open-label prospective trial of VBLOC therapy in obese type 2 diabetic patients demonstrated that VBLOC therapy was safe and effective for achieving clinically significant weight loss and improving both DM2 and high blood pressure. Additionally, there were no significant adverse events and the therapy was well tolerated by all of the patients.
The ramifications of the increase in the incidence and prevalence of obesity and DM2 in the USA and throughout the world are becoming well understood as they affect both budgets and the public health of nations. Currently, over twothirds of Americans are overweight and over one-third are obese [20] . In addition, approximately 8% of US adults and 19% of adults over 65 years of age are diabetic [1] . The more sobering fact is that the coexistence of type 2 diabetes and obesity increases the risk of developing hypertension and cardiovascular disease [21] thereby increasing morbidity and mortality [22] . There is also a good reason to believe that the prevalence of these conditions will continue to increase around the globe [20] .
While current bariatric surgical procedures have been shown to be highly successful for improving (and even forcing into remission) these devastating chronic illnesses, [23, 24] too few candidates undergo these operative procedures. In the USA, it is believed that less than 1% to 2% of prospective candidates undergo bariatric surgery. This disconnection between an efficacious treatment and potential candidates is multifactorial. It includes factors such as medical insurance restrictions, prejudices against the obese, the fear of the perioperative risks, and long-term consequences of these procedures. In short, it is clear that for many obese patients, conventional bariatric surgery is not a viable option. This phenomenon has created a significant need for new and novel interventions that are safer, effective for both weight control and DM2, and offer fewer long-term complications. A safe, more simple, and efficacious therapeutic option would have the potential to increase the number of potential patients able to undergo bariatric surgery. One such new technology is vagal nerve activity blocking with a patterned electrical impulse delivered to the intraabdominal nerve trunks (VBLOC therapy). Based on the growing understanding of the vagus nerve in energy regulation, appetite, and glucose regulation, VBLOC therapy is increasingly showing itself to be promising [11, 12] . In this trial, VBLOC therapy was studied in a cohort of obese patients (mean BMI 37 ± 1 kg/m 2 ) with DM2. Clinically significant weight loss of 25% EWL occurred by 12 months. Early improvements in glycemic control were observed. HbA 1c levels were reduced to 7.1% from a baseline of 7.8% by 4 weeks and fell to 6.7% by 12 weeks. This reduction was maintained at 12 months. Twenty-two of 26 subjects (85%) were found to be able to maintain, decrease, or discontinue their diabetes medications during the first 12 months while achieving improved glucose control. The Look AHEAD study showed that 33% of patients of the control group who were given standard diabetes support and education and who were on no medications at baseline started taking diabetes medications over the first 12 months [25] .
The final analysis performed was to analyze the level of HbA 1c reduction achieved with at least 5% total body weight loss (Table 2 ) to compare to the published weight loss literature in obese subjects with type 2 diabetes. A published weight loss study in subjects with type 2 diabetes showed that subjects who achieved at least 5% total body weight loss (BWL) experienced HbA 1c reductions of 0.53 percentage points [26] . In contrast, the data from the VBLOC-DM2 study indicate that subjects who achieved at least 5% BWL experienced significantly greater HbA 1c reductions of 1.4 percentage points at 12 months.
Improvements in blood pressure were also observed in the subjects with elevated blood pressure with no adverse changes in normotensive subjects. The addition of VBLOC therapy to an existing medication regimen resulted in significant improvements in glucose regulation in the DM2 cohort and blood pressure control in the hypertensive patients while allowing over 80% of subjects to reduce or maintain their diabetes medication. All medication decisions were made by the patient's primary physician and not by the investigators. Lastly, subjects significantly decreased their waist circumferences by over 11 cm at 12 months. Since waist circumference is a surrogate marker for visceral adiposity, it appears that weight loss by VBLOC is producing the "right" type of weight loss [3] .
The results are encouraging and create a solid foundation for a larger study. It is acknowledged by the investigators, that a follow-up period of only 12 months does not guarantee long-term efficacy. There have been many investigations of novel weight loss interventions that demonstrated promising results for 6 to 12 months, only to lose effectiveness over time [27] . However the results of this trial at 12 months do not suggest any loss of efficacy (Table 1) . Currently there are VBLOC therapy studies with 5-year followup underway.
While a mean excess weight loss of approximately 25% is low relative to some other conventional bariatric surgical procedures (e.g., gastric bypass, sleeve gastrectomy, and biliopancreatic diversion), VBLOC therapy has substantially fewer complications. The safety of the device and VBLOC therapy in this trial was excellent, as it was observed in previous trials using VBLOC therapy [11, 12] . The perioperative complications are dramatically less severe and less frequent than those seen with other bariatric operations.
An important observation with VBLOC Therapy was that the improvements of DM2 and hypertension were noted shortly after activation of the device. This early benefit and the stability of the improvement with the continued weight loss over time would suggest that the mechanisms of action may be, at least in part, independent of the weight loss. This is supported by the data modeling presented. These data suggest that vagal nerve blocking has beneficial physiologic effects on appetite and energy regulation. Similar observations have also been noted after Roux-en-Y gastric bypass, where improvements in DM2 often occur within days of surgery. Several studies on the potential mechanisms involved in the rapid control of type 2 diabetes in obese patients after certain surgical interventions have shown that exclusion of the duodenum and the upper part of the jejunum and the more rapid emptying of ingested nutrients into the distal ileum induce significant changes in gastrointestinal hormones such as incretins that are involved in insulin secretion and glucose regulation [28] [29] [30] [31] . However, the mechanism of action may also be vagally mediated. Bernal-Mizrachi et al. [32] demonstrated in rodents that the interruption of hepatic afferent vagal pathways prevented glucocorticoidinduced insulin resistance, suggesting a strong vagal role in glycemic control. Further studies will hopefully better elucidate this finding. Similarly, as the vagus is a major nerve of the parasympathetic nervous system, it would not be surprising to observe that it may also be involved in central parasympathetic-sympathetic afferent-efferent control loops that can account for the reduction in blood pressure in hypertensive patients. If validated, modulating the vagus nerve for the treatment of metabolic diseases can open a new direction for surgical research and possibly patient care.
There were a number of limitations to this study. The study did not include a control group. The design of the trial was intentional since there is ample literature concerning this population in both surgical and medical treatment studies; it was thought that a control group was unnecessary for this pilot study. Studies evaluating devices, operative procedures, diets, and medications for weight loss have been criticized and it has been suggested that the placebo effect may have been responsible for some or all of the weight loss outcome. For several reasons, we believe that this was not the case with this investigation. Firstly, the weight loss was maintained over the entire 12 months. Secondly, the weight loss was greater than that typically seen in placebo subjects. In the SHAPE Trial evaluating an implantable gastric electrical stimulator, the placebo effect was 11% EWL [33] . This placebo group of subjects was carefully screened for inclusion by a bariatric psychologist and during the study participated in a rigorous dietary program that included monthly group meetings. Additionally, a recent meta-analysis of the effect of dietary counseling for weight loss reported that, on average, dietary counseling resulted in a net loss of approximately 2 BMI units over the first 12 months of the intervention compared to usual care [34] . In addition, studies which included subjects with diabetes showed that diabetics had about 50% less weight loss than nondiabetic subjects [34] . Importantly, VBLOC Therapy studied in these obese type 2 diabetic patients resulted in a 3 kg/m 2 reduction in BMI at 12 months. Lastly the study included a small number of subjects. Further followup of these patients will hopefully reveal continued efficacy.
Conclusion
VBLOC was safe, effective and well tolerated in obese DM2 subjects and associated with clinically meaningful weight loss, as well as early and sustained improvements in glucose control and reductions in BP in hypertensive DM2 subjects.
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